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Abstract. A combination of the inclusive cross sections measured by the H1 and ZEUS Collabora-
tions in neutral and charged current deep-inelastice±p scattering at HERA is presented. The combi-
nation uses data from unpolarisede±p scattering taken during the HERA-I phase as well as measure-
ments with longitudinally polarised electron or positron beams from the HERA-II running period.
The data span six orders of magnitude in negative four-momentum-transfer squared,Q2, and in
Bjorkenx. The combination method takes the correlations of systematic uncertainties into account,
resulting in an improved accuracy. The inclusion of the large HERA-II data set leads to an improved
uncertainty especially at largeQ2. The combined data are the sole input to a NLO QCD analysis
which determines a new set of parton distribution functions, HERAPDF1.5.
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1. INTRODUCTION

Deep inelastic scattering (DIS) at HERA has been central to the exploration of pro-
ton structure and the dynamics of quark-gluon interaction as described in perturbative
Quantum Chromodynamics (QCD). At HERA, inelasticep interactions are studied at
a centre-of-mass energy,

√
s ≃ 320GeV, wheres = 4EeEp with the lepton beam en-

ergyEe ≃ 27.5 GeV and the proton beam energyEp = 920 GeV for most of the running.
The operation of HERA proceeded in two phases, HERA I, from 1992-2000, and HERA
II, from 2002-2007. In general, analyses at low and intermediate Q2, Q2 ≤150 GeV2,
could be performed using relatively small data sets. Therefore, high precision analyses
were done using already HERA-I data only. The analyses at higherQ2, Q2 ≥150 GeV2,
were in general more constrained by the statistics available. The usage of HERA-II data,
nearly 350 pb−1 per experiment, improved the precision significantly in this regime.
HERA-II also provided lepton beam polarisation; typicallythe polarisation reached 30-
40%. The total (HERA-I+II) luminosity collected by the two experiments, H1 and
ZEUS, was approximately 500 pb−1, each.

2. DIS CROSS SECTIONS AND STRUCTURE FUNCTIONS

The kinematics of lepton hadron scattering is described in terms of the variablesQ2,
the four-momentum transfer squared of the exchanged vectorboson, Bjorkenx, the frac-
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tion of the momentum of the incoming nucleon taken by the struck quark (in the Quark
Parton model (QMP)), and the inelasticityywhich measures the energy transfer between
the lepton and hadron systems.

The neutral current deep inelastice±p scattering cross section, at tree level, is given
by a linear combination of generalised structure functions. For unpolarised beams it can
be expressed as

d2σ
e±p
NC

dxdQ2 =
2πα2

xQ4
(Y+F̃2∓Y−xF̃3−y2F̃L) , (1)

whereα is the electromagnetic coupling constant, andY± = 1± (1− y)2. The structure
functions F̃2 and xF̃3 are directly related to quark distributions, and theirQ2 depen-
dence, or scaling violation, is predicted by perturbative QCD. For lowx, x ≤10−2, F2 is
sea quark dominated, but itsQ2 evolution is controlled by the gluon contribution, such
that HERA data provide crucial information on low-x sea-quark and gluon distributions.
At high Q2, the structure functionxF3 becomes increasingly important, and gives infor-
mation on the sum of the valence quark distributions,uv = u− ū anddv = d− d̄. TheFL
contribution is significant only at highy and can be neglected at highQ2 and highx.

The Charged Current (CC) interactions provide a separationof the flavours of the va-
lence distributions at highx, since their (LO) cross sections are given by
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[(ū+ c̄)+ (1−y)2(d+ s)] , (2)
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[(u+ c)+ (1−y)2(d̄+ s̄)] , (3)

whereGF is the Fermi coupling constant,MW is the mass of theW± boson and the terms
with the quark distributions describe the composition of quarks in the proton probed by
theW+ or W− boson. The combined NC and CC measurements provide the sea quark
distribution functions,xU = x(ū+ c̄) and xD = x(d̄ + s̄), and the valence quark distri-
butions,xuv and xdv. A QCD analysis in the DGLAP formalism also allows the gluon
momentum distribution,xg, in the proton to be determined from scaling violations.

3. COMBINATION OF H1 AND ZEUS CROSS SECTIONS

Prior to the combination, the H1 and ZEUS HERA-I [1] and HERA-II high-Q2 [2, 3,
4, 5, 6] DIS data were transformed to a common grid of (x,Q2) points and corrected to
a common centre-of-mass energy corresponding toEp = 920 GeV and then averaged2.

For the combination of the data sets, theχ2 minimisation method described in [1]
was used. Theχ2 function takes into account the correlated systematic uncertainties of

2 The NC data fory ≥ 0.35 are kept separate for the part of the data where the proton beam energy was
Ep =820 GeV (until 1997).



the H1 and ZEUS cross-section measurements. For a single data set, theχ2 is defined as

χ2
exp(m, b) =

∑

i

[

mi−
∑

jγ
i
jm

ib j−µi
]2

δ2i,statµ
i
(

mi−
∑

jγ
i
jm

ib j

)

+

(

δi,uncormi
)2
+

∑

j

b2
j . (4)

Hereµi is the measured value at a pointi andγi
j, δi,statandδi,uncor are relative correlated

systematic, relative statistical and relative uncorrelated systematic uncertainties, respec-
tively. The functionχ2

exp depends on the predictionsmi for the measurements (denoted
as the vectorm) and the shiftsb j (denoted as the vectorb) of the correlated systematic
error sources. For the reduced cross-section measurementsµi

= σi
r, i denotes a (x,Q2)

point, and the summation overj extends over all correlated systematic sources. The pre-
dictionsmi are given by the assumption that there is a single true value of the cross
section corresponding to each data pointi and each process, neutral or charged current
e+p or e−p scattering.

The minimisation also provides a model-independent check of the data con-
sistency. The input data from H1 and ZEUS are consistent witheach other at
χ2/ndof = 967.5/1032. Since H1 and ZEUS have employed different experimental
techniques, using different detectors and methods of kinematic reconstruction, the com-
bination leads to a significantly reduced uncertainty.
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FIGURE 1. HERA combined NCe+p reduced cross section and fixed-target [7, 8] data as a function
of Q2 (left plot) and NCe−p reduced cross sections as a function ofx in bins of Q2 (right plot).
The HERAPDF1.5 [9] fit is superimposed. The bands represent the total uncertainty of the fit. Dashed
lines are shown forQ2 values not included in the QCD analysis.

The kinematic range of the NC data is 6· 10−7 ≤ x ≤ 0.65 and 0.045 ≤ Q2 ≤
30000 GeV2, for values ofy between 0.005 and 0.95. HERA combined NCe±p reduced
cross sections as a function ofQ2 and x are shown in Figure 1. The kinematic range
of the CC data is 1.3 ·10−2 ≤ x ≤ 0.65 and 300≤ Q2 ≤ 30000 GeV2. HERA combined



CC e±p reduced cross sections as a function of Bjorkenx in bins of Q2 are shown in
Figure 2.

0

0.5

1

1.5

0

0.2

0.4

0.6

0

0.05

0.1

0.15

H1 and ZEUS

σ r,
C

C
(x

,Q
2 )

Q2 = 300 GeV2

+

Q2 = 500 GeV2 Q2 = 1000 GeV2 Q2 = 1500 GeV2

Q2 = 2000 GeV2 Q2 = 3000 GeV2

10-2 10-1

Q2 = 5000 GeV2

10-2 10-1

Q2 = 8000 GeV2

x

H
E

R
A

 I
nc

lu
si

ve
 W

or
ki

ng
 G

ro
up

A
ug

us
t 

20
10

10-2 10-1

Q2 = 15000 GeV2

10-2 10-1

Q2 = 30000 GeV2

x

HERA I+II CC e+p (prel.)

HERAPDF1.5

0

0.5

1

1.5

2

0

0.5

1

0

0.2

0.4

0.6

0.8

H1 and ZEUS

σ r,
C

C
(x

,Q
2 )

Q2 = 300 GeV2

-

Q2 = 500 GeV2 Q2 = 1000 GeV2 Q2 = 1500 GeV2

Q2 = 2000 GeV2 Q2 = 3000 GeV2

10-2 10-1

Q2 = 5000 GeV2

10-2 10-1

Q2 = 8000 GeV2

x

H
E

R
A

 I
nc

lu
si

ve
 W

or
ki

ng
 G

ro
up

A
ug

us
t 

20
10

10-2 10-1

Q2 = 15000 GeV2

10-2 10-1

Q2 = 30000 GeV2

x

HERA I+II CC e-p (prel.)

HERAPDF1.5

FIGURE 2. HERA combined CCe−p (left plot) ande+p (right plot) reduced cross sections as a function
of x in bins of Q2. The HERAPDF1.5 fit is superimposed. The bands represent thetotal uncertainty of
the fit.

4. SUMMARY

Inclusive cross sections of neutral and charged currente±p scattering measured by
the H1 and ZEUS Collaborations were combined. The combination comprises most
of the inclusive data from HERA. The input data from H1 and ZEUS span six orders
of magnitude inQ2, and in Bjorkenx and are consistent with each other atχ2/ndof =

967.5/1032. The total uncertainty of the combined data set reaches1% for NC scattering
in the region best measured, 20< Q2 < 100 GeV2. The inclusion of the large HERA-II
data set leads to an improved uncertainty especially at largeQ2. The combined data were
the sole input to a NLO QCD analysis which provided a new set ofparton distributions
HERAPDF1.5 [9].
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